INTRODUCTION
Neural signaling and transmission requires the development and maintenance of axons and dendrites (Tahirovic and Bradke, 2009; Takano et al., 2015) . A long-standing question is how neuronal membrane proteins are differentially transported to axons and dendrites (Craig et al., 1992; Hirokawa et al., 2010; Kapitein and Hoogenraad, 2011; Maday et al., 2014) . In neuronal cell bodies, membrane proteins are sorted into distinct vesicle populations by clathrin-mediated mechanisms during exit from the Golgi complex (Bonifacino, 2014; Li et al., 2016) . Subsequently, vesicles with axonal and somato-dendritic cargo are sorted during entry into axons, which contain unipolar microtubules (MTs) of plus-end-out orientation (Baas and Lin, 2011; Song et al., 2009; Yau et al., 2016) . Axonal cargos of the MT motor kinesin-1/KIF5 move selectively through the pre-axonal exclusion zone and the axon initial segment (AIS), while somato-dendritic cargos are halted and reverse directionality (Al-Bassam et al., 2012; Farias et al., 2015; Kuijpers et al., 2016; Nakata and Hirokawa, 2003) .
Owing to a MT network of mixed orientation, membrane traffic in dendrites is inherently bidirectional and presumed to lack unidirectional sorting (Baas and Lin, 2011; Bannai et al., 2004; Kapitein et al., 2010a; Yau et al., 2016) . Dendrites are thought to rely on the sorting mechanisms of the cell body and axon as well as on retaining select cargo (Kapitein and Hoogenraad, 2011) . In the cell body, vesicles are directed to dendrites by MT motors of the kinesin-3 and kinesin-4 subfamilies as well as dynein (Ghiretti et al., 2016; Kapitein et al., 2010a; Lipka et al., 2016) . Interestingly, kinesin-3-driven transport of dense core vesicles was recently shown to depend on a microtubule-associated protein (MAP), pointing to MT-associated cues that may modulate membrane traffic in dendrites (Lipka et al., 2016) . However, such cues remain elusive, and it is unclear whether they play a role in the sorting of membrane traffic in dendrites.
Septins are a large family of cytoskeletal GTP-binding proteins with evolutionarily conserved functions in the spatial organization and compartmentalization of membrane proteins (Caudron and Barral, 2009; Mostowy and Cossart, 2012) . Acting as diffusion barriers and protein scaffolds, septins promote asymmetry across membrane bilayers (Caudron and Barral, 2009; Spiliotis and Gladfelter, 2012) . In epithelial cells, septins associate with subsets of MTs and are required for vesicle transport from the Golgi complex to the plasma membrane (Bowen et al., 2011; Spiliotis et al., 2008) . In neurons, septins are involved in the morphogenesis of axons and dendrites, but it is unknown if they function in polarized membrane traffic into axons and dendrites (AgetaIshihara et al., 2013; Boubakar et al., 2017; Hu et al., 2012; Tada et al., 2007; Xie et al., 2007) .
Here, we report that an MT-associated septin (SEPT9) that is specifically enriched in dendrites regulates differentially the motility of axonal and dendritic vesicles. We found that dendritic cargos of kinesin-3/KIF1A move with an anterograde bias in the initial 20-mm segments of dendrites, while axonal cargos of kinesin-1/KIF5 are biased toward the cell body. This directional sorting is mediated by SEPT9, which inhibits the motility of kinesin-1/KIF5 and its axonal cargo while enhancing the transport of kinesin-3/KIF1 motor cargo. SEPT9 distinguishes between kinesin-1/KIF5 and kinesin3/KIF1 based on the loop 12 (L12) of their motor domains and thereby regulates membrane traffic into axons and dendrites. Our results reveal that, upon entry into dendrites, axonal and dendritic cargos are directionally sorted by a SEPT9-mediated mechanism.
RESULTS

Neuronal Kinesin Motor Cargos Are Directionally Sorted during Entry into Dendrites
Axonally destined vesicles of kinesin-1/KIF5 enter axons selectively, but it is unknown if they move into dendrites and are subsequently sorted out (Farias et al., 2015; Huang and Banker, 2012; Kamal et al., 2000; Nakata and Hirokawa, 2003; Song et al., 2009 ). To examine this possibility, we expressed and imaged axonal cargo markers of kinesin-1/KIF5 in live primary rat hippocampal neurons. Using single particle-tracking analysis in the initial 20-mm segments of dendrites, we analyzed the trajectories of axonal cargos of kinesin-1/KIF5, such as the presynaptic matrix protein Bassoon, syntaxin-1, and the amyloid precursor protein (APP) (Cai et al., 2007; Kamal et al., 2000; Su et al., 2004) . We observed that these axonal cargos enter dendrites, but the majority (>60%) are at a stationary state (Figure 1A) . A small fraction (<15%) exhibited processive (i.e., uninterrupted) anterograde excursions. However, these events were outnumbered by processive retrograde events and anterograde movements that pause or reverse backwards to the cell body (Figures 1A and 1C, Video S1) . Similar results were obtained by a frame-by-frame analysis of each vesicle trajectory, categorizing movements between individual frames into anterograde, retrograde, or stationary events ( Figure 1B) . By deriving the percentage of total time that each particle spent in these states, we found that axonal cargos spent 70%-80% of the total time in pausing, and displacements in the retrograde direction were 1.5-to 2-fold more than in the anterograde direction ( Figure 1B) . Therefore, the vast majority of membrane vesicles with axonal cargos stall or reverse directionality upon entry into dendrites.
We next analyzed dendritic cargos of kinesin-3/KIF1A such as the low-density lipoprotein receptor (LDL-R) and neuropeptide Y (Jenkins et al., 2012; Lo et al., 2011) . A significant fraction (25%) of these cargos exhibited processive anterograde trajectories, which were 1.5-to 2-fold more frequent than processive retrograde trajectories and anterograde runs with pausing or reversing ( Figures 1A and 1D , Video S2). Frame-by-frame analysis also showed that anterograde steps were 1.5-to 2-fold more than retrograde displacements and occupied more than twice the total time of movement compared with the anterograde events of axonal cargo ( Figure 1B) . Hence, dendritebound vesicles of kinesin-3/KIF1A move with an anterograde bias during entry into dendrites.
Because vesicles associate with multiple motors, we asked whether the motor domains of kinesin-1/KIF5 and kinesin-3/ KIF1A move into dendrites with similar directional bias to their cargo. We performed an inducible trafficking assay that mobilizes peroxisomes from the cell body by rapalog-induced coupling of kinesin motor domains to a fluorescent peroxisome-resident protein (PEX-GFP) (Kapitein et al., 2010b) . As previously reported, the constitutively active kinensin-1/ KIF5B(1-807) directs peroxisomes to the axon (Lipka et al., 2016) . In early stages of induction, however, peroxisomes were observed to traffic to dendrites. The majority of these peroxisomes exhibited processive retrograde or anterograde trajectories with pauses and reversals ( Figures 1E and 1G , Video S3). Processive anterograde movement was minimal (5% of peroxisomes), while this was the predominant (>80%) type of movement in the initial 20-mm segments of axons ( Figure 1G ). In striking contrast to kinesin-1, 30% of peroxisomes that move into dendrites by kinesin-3/KIF1A(1-489) exhibited processive anterograde runs (Figures 1F and 1G, Video S4) . This was also evident in the frame-by-frame analysis, which showed that kinesin-3-driven peroxisomes were less stationary and anterograde steps were 3-fold more than those of kinesin-1 (Figure 1H) . Consistent with the anterograde bias of the dendritic cargo of kinesin-3/KIF1A, the motor domain of kinesin-3/KIF1A has an anterograde advantage over kinesin-1/KIF5. Thus, during entry into dendrites, cargos driven by kinesin-3/KIF1A are likely to move further along the dendrite, while cargos driven by kinesin-1/ KIF5 move with retrograde bias toward to the cell body.
MT-Associated SEPT9 Is Enriched in Dendrites
We reasoned that an MT-associated cue that is specific to dendrites underlies the directional sorting of the kinesin-1 and -3 motors and their cargo. To date, MAP2 is the only dendritic MAP known to inhibit kinesin-1 binding to MTs, but this function was discovered in the axons of pseudounipolar neurons (Gumy et al., 2017) . In polarized hippocampal neurons, MAP2 is also present along the initial segment of the axon that precedes the AIS, with which kinesin-1 associates preferentially (Farias et al., 2015; van Beuningen et al., 2015) . Hence, MAP2 alone cannot account for the dendrite-specific halting and reversal of kinesin-1/KIF5 and its axonal cargo.
Septins localize to subsets of MTs in epithelia Bowen et al., 2011) , but their localization and functions in neuronal cells are little understood. In the septin family, SEPT9 binds and bundles MTs directly through N-terminal repeat motifs, resembling the MT-binding domains (MTBDs) of bona fide MAPs (e.g., tau, MAP2) . SEPT9 is a ubiquitously expressed septin that is essential for embryonic development as SEPT9 knockout mice die by embryonic day 10 (Fuchtbauer et al., 2011) . In adult mice, SEPT9 is highly expressed in the CA and dentate gyrus regions of the hippocampus (Allen, 2004) . In cultured hippocampal neurons, SEPT9 protein levels increase during the developmental stage in which post-and presynaptic membrane proteins polarize into dendrites and axons (Frese et al., 2017) . In fully differentiated hippocampal neurons, SEPT9 localizes preferentially to dendrites and is more enriched in dendritic segments that are proximal to the cell body ( Figures  2A-2C) . Interestingly, SEPT9 enrichment in dendrites occurs after polarization of MAP2 in dendrites and takes place concomitantly with the segregation of the post-synaptic density protein 95 (PSD95) and synapsin into dendrites and axons, respectively ( Figure S1A ).
Imaging by total internal reflection fluorescence (TIRF) microscopy at shallow incident angles revealed that SEPT9 localizes as filaments that are closely apposed to dendritic MTs ( Figure 2D ). To determine if SEPT9 decorates the MTs of proximal dendrites, we performed super-resolution structured illumination microscopy (SIM), which achieves lateral resolution of 100 nm; four times the width of a single MT. SEPT9 was observed to overlap laterally with MTs ( Figure 2E ). We observed similar localization for SEPT9-mCherry in neurons that were depleted of endogenous SEPT9 and imaged by SIM, while SEPT9-mCherry that lacked the MTBD localized largely to sites The trajectories of vesicles that move from the cell body into the initial 20-mm segments of dendrites of hippocampal neurons were categorized into stationary, moving processively in the anterograde/retrograde direction, or pausing and reversing while moving anterogradely/retrogradely and graphed as percentage of total vesicles (A). A frame-by-frame analysis was also performed for individual vesicles, deriving the percentage of time spent in pausing, anterograde, or retrograde movement between consecutive frames of each trajectory (B). Quantifications were done for Syntaxin1a-GFP (Stx1A-GFP; n = 220), APP-mCherry (APP-mCh; n = 286) and TdT-Bassoon (Tdt-Bsn; n = 358), NPY-GFP (n = 264), and LDLR-YFP (n = 284) from 15 to 18 dendrites (seven neurons). (C-F) Kymographs show trajectories of vesicles with APP-mCherry (C) and LDLR-YFP (D), and peroxisomes (PEX-GFP) driven by kinesin-1/KIF5B(1-807) (E) and kinesin-3/KIF1A(1-489) (F) in the initial 20-mm segments of dendrites. Labels, line colors, and arrows are as denoted in (A). (G and H) The trajectories of peroxisomes (G) that move from the cell body into the initial 20-mm segments of dendrites or axons of hippocampal neurons after treatment with rapalog were categorized and graphed as in (A). A frame-by-frame analysis was also performed for individual vesicles, deriving the percentage of time spent in pausing, anterograde, or retrograde movement between consecutive frames of each trajectory (H). Quantifications were done for peroxisomes driven by KIF5B(1-807) into dendrites (n = 86) and axons (n = 85), and by KIF1A(1-489) into axons (n = 66) and dendrites (n = 142) from four to five neurons. *p < 0.05; **p < 0.001; ***p < 0.0001; n.s., not significant (p > 0.05). See also Videos S1, S2, S3, and S4.
of membrane curvature and not MTs (Figures 2F and 2G) . Note that SEPT9-mCherry co-aligns more extensively with the width of MTs than endogenous SEPT9, which might be due to poor antibody accessibility to sites of tight MT-SEPT9 binding.
Because, in non-neuronal cells, SEPT9 hetero-oligomerizes with SEPT7, SEPT6, and SEPT2 (Kim et al., 2011; Sellin et al., 2011) , we also imaged and quantified the localization of these septins. SEPT2, SEPT6, and SEPT7 were less enriched in dendrites ( Figure 2B ) and did not colocalize significantly with SEPT9 ( Figures S1B-S1D) . Additionally, knockdown of SEPT9 did not affect the expression levels of its hetero-dimeric partner SEPT7 and vice versa ( Figures S1E-S1H) . Hence, SEPT9 (F and G) SIM images of hippocampal neurons that were stained for a-tubulin after transfection with a plasmid that expresses simultaneously SEPT9 shRNA1 and rat shRNA-resistant SEPT9-mCherry (F) or SEPT9-DMTBD-mCherry (G) that lacks the MTBD (amino acids [aa] 1-147) and localizes to areas of membrane curvature. Plots show MT and SEPT9 fluorescence intensities across the dotted lines. Asterisks denote cell body location and insets show a larger magnification of outlined regions. See also Figure S1 .
appears to localize uniquely to dendritic MTs and might be critical for the polarity of membrane traffic.
SEPT9 Is Required for the Axonal Selectivity of Kinesin-1 Motor Cargo
To test if SEPT9 affects the polarized trafficking of kinesin-1/ KIF5, hippocampal neurons were treated with two different small hairpin RNAs (shRNAs) that target rat SEPT9 ( Figures S1E-S1G ). SEPT9 depletion abolished the axonal polarity of the kinesin-1 motor domain KIF5C(1-560)-mCit, which translocated to the tips of both axons and dendrites ( Figures 3A and 3B ). This phenotype was specific to SEPT9 and its N-terminal MTBD because it was rescued with an shRNA-resistant SEPT9-mCherry but not with SEPT9-D(1-147)-mCherry ( Figure 3B ). The axonal polarity of KIF5C(1-560)-mCit was also partially rescued by the MTBD of SEPT9 ( Figure 3B ). Note that SEPT7 depletion did not affect the axonal polarity of KIF5C(1-560)-mCit ( Figures S2A-S2C ).
Using the inducible peroxisome-trafficking assay, we tested if SEPT9 depletion also affects the axonal polarity of peroxisomes driven by the kinesin-1 motor domain. The majority (70%) of SEPT9-depleted neurons contained peroxisomes in both axons and dendrites and a significant fraction (20%) exhibited a complete reversal of polarity as peroxisomes were present in dendrites only (Figures S2D and S2E) . Consistent with these data, the localization of endogenous kinesin-1 became more dendritic upon SEPT9 depletion ( Figure S2F ). We concluded that the MTassociated SEPT9 is required for the axonal selectivity of the kinesin-1 motor domain.
Next, we sought to determine whether SEPT9 affects the axonal localization of endogenous APP, Bassoon, and synapsin, which are kinesin-1 cargos that stall and reverse directionality upon entry into dendrites ( Figure 1 ). By quantifying the mean fluorescence intensity of these membrane proteins in axons and dendrites after background subtraction using a pixel-wide line scan, we derived a polarity index: the dendritic fluorescence value as a fraction of the sum of dendritic and axonal values (Li et al., 2016) . SEPT9 knockdown increased the polarity index of APP, Bassoon, and synapsin, indicating a shift from axons to dendrites ( Figures  3C and 3D ). This loss in axonal localization was accompanied by a significant reduction (>50%) in the number of Bassoon and synapsin puncta per 10-mm axon length ( Figures 3D and 3E) . Notably, SEPT9 depletion did not alter the axonal localization of the synaptic vesicle glycoprotein 2 (SV2), a pre-synaptic marker whose transport into axons might be compensated by kinesin-3 (Zhao et al., 2001 ) ( Figures 3C-3E ). As an additional control, we also tested if SEPT9 depletion affects the dendritic localization of the glutamate receptor interacting protein 1 (GRIP1), which is an adaptor protein that shifts the directionality of kinesin-1 into dendrites by possibly altering the interactions of kinesin-1 with MTs Setou et al., 2002) . We observed no change in the polarity index of GRIP1 ( Figures 3C and 3D ), concluding that SEPT9 impedes specifically axonal cargos of kinesin-1 from entering into dendrites.
SEPT9 Impedes the Motility of Kinesin-1 and Its Axonal Cargo
We hypothesized that SEPT9 directly impedes the motility of kinesin-1 and its axonal cargo. Before exploring this idea, we considered the possibility that SEPT9 affected kinesin-1 motility indirectly by altering MT orientation and/or post-translational modifications (PTMs), which can influence the trafficking of MT motor cargo (Janke and Kneussel, 2010) . Time-lapse microscopy of the neuronal MT plus-end protein EB3-GFP in the initial segments of axons and proximal dendrites did not show any change in the orientation of MT growth upon SEPT9 knockdown ( Figure S3A ). We also did not observe any alterations in the axondendritic distribution of acetylated and glutamylated MTs . Given that SEPT9 depletion does not alter the translocation of the kinesin-1 motor domain to axonal tips (Figures 3A and 3B) , abnormal entry of kinesin-1 motor cargo into dendrites does not appear to be due to alterations in MT orientation and PTMs. Moreover, the axonal localization of dephosphorylated tau was unaffected and no changes were observed in the fluorescence intensity or length of the AIS marker proteins ankyrin-G and neurofascin ( Figure S4 ).
To test if MT-associated SEPT9 impedes directly the motility of kinesin-1, we performed an in vitro (cell-free) single-molecule motility assay using stable pre-polymerized MTs that were coated with recombinant His-mCherry-SEPT9 (10 nM), which remains stably bound to MTs for the duration of the assay (Figures S5A and S5B) . Strikingly, MT-associated SEPT9 reduced the landing rates of kinesin-1 by 80% and increased pausing by more than 2-fold ( Figures 4A and 4B ). The velocity was also decreased by 50%, while run lengths remained unchanged ( Figures 4C and 4D ). This effect was specific to kinesin-1 as SEPT9 did not affect the motility of kinesin-2/KIF17 in vitro or its localization and motility in neurons (Figures S5C-S5F) ).
Next, we tested whether the motility of kinesin-1 and its axonal cargo (e.g., APP) are affected by SEPT9 over-expression and depletion in the dendrites of living neurons. SEPT9 over-expression reduced the velocity, run length, and percentage motility of GFP-KIF5B, while SEPT9 knockdown had the opposite effect ( Figures 4E-4G ). Analysis of APP vesicle motility showed a marked decrease in velocity and run lengths in neurons that over-expressed SEPT9 (Figures 4H and 4I) . In contrast, SEPT9 depletion accelerated APP-carrying vesicles (Figures 4H and 4J) . Notably, in the initial 20-mm segments of dendrites, frameby-frame analysis of APP vesicles showed a 40% decrease in pausing and >1.5-fold increase in anterograde movement (Figure 4K) . Taken together, these data indicate that MT-associated SEPT9 promotes the axonal targeting of kinesin-1 cargos by inhibiting their motility upon entry into dendrites.
SEPT9 Is Required for Kinesin-3/KIF1A-Cargo Transport from the Cell Body to Distal Dendrites During entry into dendrites, dendritic cargos of kinesin-3/KIF1A are more motile and move with an anterograde bias ( Figure 1 ). We therefore sought to examine whether SEPT9 distinguishes between kinesin-3/KIF1A and kinesin-1/KIF5 motility, favoring the former while impeding the latter. First, we tested if SEPT9 affects the localization of the dimeric kinesin-3 motor domain KIF1A(1-393)-GCN4-3xmCit, which translocates to both axonal and dendritic tips (Huang and Banker, 2012; Lipka et al., 2016) . SEPT9 knockdown did not affect axonal localization, but in dendrites KIF1A(1-393)-GCN4-3xmCit accumulated at segments that were proximal to the cell body ( Figures 5A and 5B ).
Additionally, there was a marked increase in the percentage of cells with KIF1A(1-393)-GCN4-3xmCit localizing in the cell body ( Figure 5C ) and particularly in regions that precede dendrites, as if there were a traffic bottleneck at sites of dendritic entry (blue arrowhead in Figure 5A ). This phenotype was observed with two different shRNAs against SEPT9 and rescued with a shRNA-resistant mCherry-SEPT9 ( Figures 5B and 5C ); SEPT7 depletion had no effect on KIF1A(1-393)-GCN4-3xmCit localization ( Figures S6A-S6C) . Notably, the MTDB of SEPT9 was necessary and partially sufficient in restoring the localization of the kinesin-3/KIF1A motor domain ( Figures 5B and 5C ). In peroxisome-trafficking assays, SEPT9 knockdown also shifted Idend / (Idend + Iaxon)
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Scrmbl shRNA KIF1A(1-489)-driven peroxisomes to proximal dendrites and the same was observed for endogenous kinesin-3/KIF1A ( Figures  S6D-S6F ).
Next, we tested how SEPT9 affects the trafficking of LDLR and NPY, membrane cargos of kinesin-3/KIF1A that move with anterograde bias into dendrites. We found that SEPT9 depletion reduced the dendritic localization of LDLR-YFP and NPY-GFP, but without a shift to axons; mean fluorescence intensities remained unchanged in axons ( Figures 5D and 5E ). However, LDLR-YFP and NPY-GFP intensities were elevated in the cell bodies and the proximal segments of dendrites, and decreased in distal dendrites ( Figures 5F-5I and S6G ). Phenocopying the (legend continued on next page) mislocalization of the kinesin-3/KIF1A motor domain, LDLR-YFP was observed to accumulate at dendritic entry sites of the cell body and proximal dendrites ( Figure 5H ; insets 1 and 2). As kinesin-3/KIF1B is known to associate with the post-synaptic density protein 95 (PSD95), we also examined the localization of PSD95 in SEPT9-depleted neurons (Mok et al., 2002) . Quantification of PSD95 puncta in dendrites showed a 75% reduction, and, like the NPY and LDLR cargos, the dendritic distribution of PSD95 shifted to segments proximal to the cell body ( Figures 5J  and 5K ). To rule out the possibility that SEPT9 affects the localization of all dendritic cargos and not just those of kinesin-3/KIF1, we asked if SEPT9 knockdown alters the localization of GFPRab11, a membrane cargo of KIF13 (Delevoye et al., 2014) . We observed no change in the distribution of GFP-Rab11 ( Figures  S6H and S6I) . Taken together, these data indicate that SEPT9 is required for the directional trafficking of kinesin-3/KIF1 motor cargo from the cell body to distal dendrites.
SEPT9 Enhances the Motility of Kinesin-3/KIF1A and Its Dendritic Cargo
Given that SEPT9 depletion results in traffic jam-like accumulations of kinesin-3/KIF1A and its cargo in the initial-proximal segments of dendrites, we tested whether SEPT9 directly affects the motility of kinesin-3/KIF1A. In vitro single-molecule motility assays showed that the motor domain of kinesin-3/KIF1A lands on SEPT9-coated MTs with a 1.5-fold higher frequency and moves with increased velocity compared with SEPT9-free MTs ( Figures 6A and 6B ). This effect was specific to SEPT9 as kinesin-3/KIF1A velocity and run lengths were reduced on MTs decorated with the MTBD of MAP4 (Figures 6B and 6C) . Notably, MAP4-MTBD reduced the velocity and run length of both kinesin-3/KIF1A and kinesin-1/KIF5 ( Figures 4B and 4C ), demonstrating that SEPT9 is unique in its ability to enhance kinesin-3/KIF1A, while impeding kinesin-1/KIF5.
To further test if kinesin-3/KIF1A motility is enhanced by SEPT9, we analyzed the motility of full-length KIF1A-3xmCit in live neurons under conditions of SEPT9 over-expression and depletion. Over-expression of SEPT9-mCherry increased the percentage motility, velocity, and run lengths of KIF1A-3xmCit ( Figures 6D and 6E) . Conversely, SEPT9 knockdown resulted in significant reduction of percentage motility and velocity (Figures 6D and 6F ). Taken together with the in vitro motility data, these results show that SEPT9 promotes the transport of kinesin-3/KIF1A.
Next, we examined how SEPT9 affects the motility and directionality of LDLR-carrying vesicles, which move with an anterograde bias in the initial segments of dendrites. We found that the velocity and run length of LDLR-carrying vesicles increased in the dendrites of neurons that over-expressed SEPT9-mCherry, while SEPT9 knockdown had the opposite effect (Figures 6G-6I) . Notably, SEPT9 depletion reduced the motility of LDLR in the initial 20-mm segment of dendrites, increasing pausing by 30% and decreasing the percentage time spent in anterograde displacements by more than 50% ( Figure 6J ). Therefore, SEPT9 promotes the forward movement of dendritic cargo of kinesin-3/KIF1A from initial-proximal to distal dendrites. This function appears to be critical for preventing traffic jam-like accumulations of dendritic cargo in the initial segments of dendrites and sorting them away from axonally destined vesicles.
Because in parallel to kinesin-3/KIF1A, dynein also directs cargo from the soma into dendrites, we tested if SEPT9 affects dynein-driven motility. In vitro motility assays showed that the velocity and run lengths of dynein-dynactin-BicD2 were reduced on MTs coated with SEPT9 ( Figures S7A and S7B ). To test whether SEPT9 affects dynein-driven movement in neurons, we used the peroxisome-trafficking assay; the N-terminal domain of the dynein-dynactin adaptor Bicaudal D (BICDN) was targeted to peroxisomes . SEPT9 knockdown did not alter the polarity index of peroxisomes (Figure S7C ), but we observed a subtle change (10%) in the distribution of peroxisomes in dendrites, which became more distal than proximal upon SEPT9 knockdown; SEPT9 over-expression had the opposite effect ( Figure S7D ). These data suggest that SEPT9 does not have a strong effect on the dynein-driven motility in neurons, but further studies are required to explore the role of SEPT9 in dynein-driven motility in neurons as the BicD2 adaptor has also been reported to interact with kinesin-1/KIF5 (Grigoriev et al., 2007) . Overall, SEPT9 appears to favor movement by kinesin-3/KIF1 over kinesin-1/KIF5, kinesin-2/KIF17, and dynein.
SEPT9 Distinguishes between the L12 Loops of Kinesin-1/KIF5 and Kinesin-3/KIF1A
To gain an insight into the mechanism by which SEPT9 impedes axonal cargos of kinesin-1 and boosts dendritic cargos of kinesin-3/KIF1 into dendrites, we sought to identify structural features of kinesin-1/KIF5 and/or kinesin-3/KIF1A that enable SEPT9 to distinguish between them. A salient difference between kinesin-1/KIF5A and kinesin-3/KIF1A is the presence of a lysine-rich patch in the L12 loop of kinesin-3/KIF1A ( Figure 7A) . Remarkably, the L12 of kinesin-3/KIF1A enables entry into dendrites. A chimeric kinesin-1/KIF5C containing the lysine-rich L12 of kinesin-3/KIF1A (KIF5C-L12 KIF1A ) enters both axons and dendrites rather than axons only, and deletion of the lysine patch of L12 from kinesin-3/KIF1A impairs its translocation to dendritic tips (Huang and Banker, 2012) .
To test whether SEPT9 regulates entry into dendrites in a manner that is dependent on the L12 of the kinesin motor domain, we asked if SEPT9 knockdown affects the localization of the chimeric KIF5C(1-560)-L12 KIF1A -mCit. In control cells, KIF5C(1-560)-L12 KIF1A -mCit localized to the tips of axons and dendrites, resembling the motor domain of kinesin-3/KIF1A (Figures 7B-7D) . Strikingly, SEPT9 depletion caused abnormal accumulation of KIF5C(1-560)-L12 KIF1A -mCit in initial-proximal dendrites and regions of the cell body at the base of dendritic processes ( Figures 7B-7D ). This phenotype was rescued with an shRNA-resistant SEPT9 and required the N-terminal MTBD of SEPT9, which alone was capable of partial rescue (Figures 7B and 7C). Therefore, MT-associated SEPT9 appears to distinguish between kinesin-1/KIF5 and kinesin-3/KIF1A based on the presence of a lysine-rich L12, which serves as a token for moving forward into dendrites.
To better understand how SEPT9 promotes the movement of kinesin motors with a K-rich L12, we used in vitro motility assays to analyze the motility of KIF5C(1-560)-L12 KIF1A on SEPT9-coated versus SEPT9-free MTs. We found that MT-associated SEPT9 increased by 2-fold the landing rates of KIF5C(1-560)-L12 KIF1A (Figure 7E ), similar to native KIF1A ( Figure 6A) . A subtle increase in run length was observed, but velocity decreased as observed for the native kinesin-1/KIF5C ( Figures 7F and 7G) ; the reduction, however, was dampened ( Figure 7F ). Collectively, these results suggest that SEPT9 selectively promotes the movement of kinesin-3/KIF1A in dendrites owing in part to the presence of a lysine-rich L12, which is critical for productive attachment to MTs.
DISCUSSION
Polarized traffic of membrane proteins into axons and dendrites is thought to depend largely on sorting of vesicles at axonal entry. Here, we found that, upon entry into dendrites, axonally destined vesicles of kinesin-1/KIF5 move with a retrograde bias toward the cell body, while dendritically destined vesicles of kinesin-3/KIF1A move with an anterograde bias deeper into the dendrite. Our data show that selective entry of kinesin-1 motor cargo into axons does not suffice for polarized trafficking, but additional sorting is required during entry into dendrites.
Our results indicate that SEPT9 slows down and halts kinesin-1/KIF5, while it mobilizes and speeds up kinesin-3/KIF1A during entry into dendrites. SEPT9 differentiates between kinesin-1/ KIF5-and kinesin-3/KIF1A-driven motility based on the presence of a lysine-rich patch in the L12 of the kinesin motor domain. The lysine-rich patch is present in kinesin-3/KIF1A but absent from kinesin-1/KIF5 (Atherton et al., 2014) . Transplantation of the lysine-rich L12 to kinesin-1/KIF5 enables entry into dendrites (Huang and Banker, 2012 ), which in turn requires SEPT9 for moving further into dendrites. In cell-free motility assays, MT landing rates of the native kinesin-1/KIF5 are reduced by SEPT9, but addition of the lysine-rich L12 enables SEPT9 to enhance productive attachment to MTs, which appears to be critical for moving motor-cargo complexes farther into dendrites. The lysine-rich L12 interacts with the C-terminal tails (CTT) of b-tubulin, which are also bound by SEPT9, and increases the affinity of kinesin-3/KIF1A to MTs (Atherton et al., 2014; Bai et al., 2013; Hirokawa, 1999, 2000; Soppina and Verhey, 2014) . Given that the L12, tubulin CTTs and the MTBD of SEPT9 are structurally disordered, the precise mechanism of SEPT9-mediated entry into dendrites may involve conformational dynamics, which are inherently challenging to determine.
Nevertheless, it appears that SEPT9 affects motor-cargo motility with a high degree of specificity as it does not affect the motility of Rab11, which is transported by KIF13A (Delevoye et al., 2014) , a kinesin-3 motor that shares only three out of the 15 residues of the L12 lysine-rich patch of KIF1A. Additionally, SEPT9 does not affect dendritic cargo (e.g., GRIP1), which alters the intrinsic selectivity of kinesin-1/KIF5 for axonal MTs, redirecting it to dendrites (Setou et al., 2002) . Under these cargos, kinesin-1/KIF5 may adapt conformations, which evade hindrance by SEPT9. Unexpectedly, kinesin-3/KIF1A motor cargo was found to move with a directional anterograde bias on the MTs of initialproximal dendrites, which contain plus-and minus-out MTs at roughly equal percentages (Baas and Lin, 2011) . It is puzzling how the processive anterograde events of the kinesin-3/KIF1A motor domain are a lot more frequent than kinesin-1/KIF5 and how the anterograde bias of kinesin-3/KIF1A motor cargo depends on SEPT9. A parsimonious explanation is that SEPT9 marks and/or bridges MTs of plus-end-out orientation. While this article was under review, it was reported that kinesin-1/ KIF5 associates preferentially with acetylated MTs of minusend-out orientation and kinesin-3/KIF1A interacts with dynamic tyrosinated MTs, which are oriented with their plus ends out (Tas et al., 2017) . Hence, SEPT9 may have a role in the regulation of membrane traffic on the plus-end-out subsets of MTs. Alternatively, by enhancing the MT binding and velocity of kinesin-3/ KIF1A motor cargo, SEPT9 may promote a directional bias that arises stochastically. Differential cargo velocities drive spatial segregation in axons and differential cellular motilities can in part account for the cell sorting events underlying tissue development and patterning (Gumy et al., 2017; Mori et al., 2009) .
Previous work has shown that kinesin-3/KIF1A-driven motility is aided in dendrites by doublecortin-like kinase 1 (DCLK1), a dendritic MAP that is hypothesized to promote the processivity of kinesin-3/KIF1A (Lipka et al., 2016; Liu et al., 2012) . Hence, kinesin-3/KIF1-driven motility is favored on the MTs of the geometrically complex dendrites. By favoring movement by the faster and super-processive kinesin-3/KIF1, dendritic MAPs may not only prevent membrane traffic jams but also enhance the probability of membrane cargo moving from one dendritic arbor to the next with higher efficiency.
While septins are known to associate with subsets of MTs in non-neuronal cells, their roles in intracellular traffic are little understood. In epithelial cells, where SEPT9 forms heteromeric complexes with SEPT2/6/7, septins are required for transport from the Golgi to the plasma membrane (Spiliotis et al., 2008) . In the dendrites of hippocampal neurons, SEPT9 differentially regulates the motility of kinesin motors. Lacking a typical colocalization with SEPT2/6/7, SEPT9 may function in complex with other members of the septin family, such as SEPT4 and SEPT11, which belong to the septin groups of SEPT2 and SEPT6, respectively (Sudo et al., 2007) . Alternatively, owing to potentially higher levels of expression in the hippocampus than other septins (Allen, 2004) , SEPT9 may function as a homomer; SEPT2 homomerizes into filaments in vitro and we have observed similar homoassembly for SEPT9 (Mendoza et al., 2002) . Previous studies have shown that MT acetylation and polyglutamylation, which can modulate MT interactions with motors and MAPs, are functionally dependent on SEPT7 and SEPT2 (Ageta-Ishihara et al., 2013; Froidevaux-Klipfel et al., 2015; Reed et al., 2006; Sirajuddin et al., 2014; Spiliotis et al., 2008) . Here, we found no significant changes in the axon-dendrite distribution of MT acetylation and polyglutamylation after SEPT9 knockdown, which suggests that SEPT9 may function independently of SEPT7 and SEPT2. We envisage that various members of the septin family, alone or in combination, could play different roles in the spatial control of membrane traffic, being part of the tubulin and MAP codes of intracellular traffic (Atherton et al., 2013; Janke and Kneussel, 2010; Verhey and Gaertig, 2007) .
In addition to modulating motor movement on MT tracks, septins are implicated in MT motor-cargo interactions. We recently reported that SEPT9 inhibits the interaction of the NMDA receptor subunit 2 (NR2B) with kinesin-2/KIF17, a motor whose motility is not affected by SEPT9 . Hence, similar to other MT-binding proteins (e.g., MAP6, MAP1A light chain 3, Hook1), SEPT9 might serve as a membrane-bound cargo or cargo adaptor (Maday et al., 2014) . Of note, SEPT9 contains a polybasic membrane-binding domain, which is conserved among several septins. Hence, SEPT9 may shift between MTs and membranes through regulatory mechanisms that elude our present understanding. This shift might be critical for targeting SEPT9 to a subset of MTs as it was recently shown for MAP6, whose palmitoylation is critical for its association with axonal MTs (Tortosa et al., 2017) . Future studies will further explore how the septin family regulates microtubule-dependent transport and the underlying mechanisms involved.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: Takano, T., Xu, C., Funahashi, Y., Namba, T., and Kaibuchi, K. (2015) . For induced coupling of immotile peroxisomes to truncated motor domains via chemically dimerizing the mTOR fragments FKBP and FRB that were attached to the PEX tags and motor domains respectively, rapalog A/C (AP21967, Clontech) was used at a concentration of 2 mM for 75-105 minutes.
Time-Lapse Imaging
Live-cell imaging of hippocampal neurons was performed on DIV10-12, 48 h after transfection. Coverslips were mounted on a bottomless 35 mm dish with a 7 mm microwell using vacuum grease silicone (Beckman Coulter). Cell media was replaced with phenol red-free Neurobasal media supplemented with 2% B27 (Invitrogen) and 30 mM HEPES, and dishes were sealed using ParaFilm. Prior to imaging, axons were labeled with a pan-neurofascin antibody (1 mg/mL), which was first diluted in neurobasal media supplemented with 2% B27 and mixed with an anti-mouse secondary (1:200) conjugated to Alexa-647. The mix was incubated at 37 C, 5% CO2 for 15 min and then added to cells for 10 min. After washing, cells were mounted for live-imaging.
In live cell imaging experiments of cells expressing motor and cargo constructs ( Figures 1A-1D , 4 E-4K, and 6D-6J, Videos S1, S2, S3, and S4), cells were imaged at 10-60 frames/minute for 5 -10 minutes.
For live-cell imaging of motor-coupled-to-peroxisome motility ( Figures 1E-1H ), cells were transfected with GFP-PEX-FKBP and KIF1A(1-489)-FRB or KIF5B(1-807)-FRB for 48h, live-stained with neurofascin and mounted for live-imaging. Transfected cell positions were marked and 2 mM of rapalog was added to the cell chamber which was subsequently sealed with parafilm. Cells were imaged at a rate of 4-6 frames/min for 90 minutes.
Microscopy
Fixed samples were imaged on a Zeiss AxioObserver Z1 inverted microscope equipped with a Zeiss 20X/0.8 dry objective, a 40X/1.2 NA water objective, a 63x/1.4 NA oil objective, a Hamamatsu Orca-R2 CCD camera and the Slidebook 6.0 software. In Figure S4 , AnkG and SEPT9 were imaged on an Olympus FV1000 laser scanning confocal inverted microscope equipped with an Olympus 60X/1.42 NA oil objective. Super resolution 3D structured illumination microscopy (SIM) imaging was performed with the OMX V4 microscope (GE Healthcare) using a 60X/1.42 NA objective, a z-step size of 0.125 mm and immersion oil with refractive index 1.514 (GE Healthcare). Total internal reflection fluorescence (TIRF) imaging (20-60 frames per min) of live neurons was performed at 37 C using the TIRF module on the DeltaVision OMX V4 inverted microscope equipped with an Olympus 60x/1.49 objective and a temperature controlled stage-top incubator. Images were acquired with sCMOS pco.edge cameras (PCO) and reconstructed with softWoRx software (Applied Precision).
QUANTIFICATION AND STATISTICAL ANALYSIS
In Vitro Motor Motility Single motor particles were tracked manually frame-by-frame using Fiji. All counted events were at least 0.6 seconds (or 3-6 frames) in duration and had at least 7mm of microtubule available to run on. Each event start and end frame were recorded to extract event duration. The trajectory of each particle was saved as a region of interest (ROI) and used to measure run lengths. Each event start, end frame, and run length were logged in Microsoft Excel. Event duration was calculated by subtracting the start frame from the end frame and multiplying the difference by the time interval of the motility time-lapse. Velocities were calculated by dividing the run length with duration values. Histograms ( Figures 4C, 4D , 6B, 6C, S5C, S5D, S7A, and S7B) were generated by calculating percent frequencies of events. Velocity and run length values were binned and their frequencies were measured by using the frequency function of Excel. Percent frequencies were calculated by dividing the frequencies with the total n value of events and multiplying by 100. Landing rate of motors were measured for each microtubule. Each microtubule was hand-traced and its length was recorded and saved as an ROI. The number of motors that landed and walked processively at least 0.4 mm were counted. The number of events was then divided by the length of the MT (mm) and the duration of the video (s) to extract the landing rates (events* mm -1 * min -1 ) . Percent pausing of events ( Figure 4B ) was calculated by measuring the number of events where the motor paused for more than two frames (400 ms) during a processive run. Those events were then divided by the total number of events per microtubule and multiplied by 100.
Single Particle Tracking Analysis Single particle tracking ( Figures 1A, 1B , 1G, 1H, 4K and 6J) was done manually using Fiji free hand selection tool. Cells were transfected with the plasmids denoted in each figure for 48 hours and then were mounted and imaged live for 5 or 10 minutes ( Figures 1A,  1B , 4K, and 6J) or 90 minutes for induced peroxisome motility assays ( Figures 1G and 1H ). Neurons were stained live with anti-neurofascin in order to distinguish between axons and dendrites. Each particle within the 20 mm proximal to the cell body dendritic region was tracked frame by frame and the directionality and duration of pausing, reversing or processive behavior was recorded. By performing a frame-by-frame tracking of each individual vesicle, the percent frames (time) spent in pausing, anterograde or retrograde movement between consecutive frames was derived for each trajectory ( Figures 1B and 1H ). The overall trajectory of each vesicle was characterized as moving processively in the anterograde or retrograde direction, being stationary, moving anterogradely with pausing and/or reversing towards the cell body, and moving retrogradely with pausing and/or reversing away from the cell body (Figures 1A and 1G) . Note that the kymographs in Figures 1C-1F provide a visual depiction of representative movements, which can also be seen in Videos S1, S2, S3, and S4, and were not used for analysis, which was done by tracking single particles frame-by-frame.
Motility of Motors and Their Cargo in Neurons
The motility of MT motors and their membrane cargo was analyzed using Fiji software. Motor and cargo particles with processive motility were tracked manually using Fiji's free hand selection tool as described in ''in vitro motility'' section above. The total run length, duration and average velocity of each motile particle was derived from the start and end points of processive runs. To measure percent motility, the multiple kymograph plugin (with a thickness of 1) was used to generate kymographs and distinguish between motile and immotile particles. EB3 comet directionality was calculated using manual tracking in ICY software or Fiji for 8 mm of dendritic length and 20 mm of axonal length proximal to the cell body.
Image Analysis and Fluorescence Quantifications Polarity Index Analysis
The polarity index (Idend/Idend+Iaxon; Figures 2B, 3C , 5D, S1A, S2F, S3C, S3D, S4D, S5E, S5F, and S7C) was derived by drawing 1 pixel width ROIs throughout the length of each dendrite, axon and extracellular (background fluorescence) areas using Fiji's free hand selection tool. The mean fluorescence intensity for dendrites and axon was derived and mean background intensity was subtracted from their values. Using the formula (D-B)/[(D-B)+(A-B)], where D is the mean fluorescence of the motor or cargo in dendrites, A the mean fluorescence in the axon and B is the mean background fluorescence, the polarity index value ranges between 0 (exclusively axonal) and 1 (exclusively dendritic).
Proximal to Distal Dendritic Ratios
In Figure 2C , cells were transfected with pEGFP empty vector and 48 h later were fixed and stained for MAP2 and endogenous SEPT9. GFP was used as a volume marker to generate a distinct mask for each dendrite. The dendritic length of each dendrite was also measured and then divided into two halves (proximal and distal to the cell body). Using these proximal and distal dendrite masks, the sum fluorescence intensity per area were measured for SEPT9 and MAP2 for proximal and distal dendrites, and their ratio was derived for each dendrite. In Figures 2C, S5E , S5F, S6E, S6F, and S7D, the mCherry protein co expressed with the scramble or SEPT9 shRNAs was used as the cell volume marker and MAP2 was used to distinguish the dendrites from the axon. A single pixel line was drawn across the middle of each dendrite using the free hand tracing tool in Fiji. The dendritic length was divided by two and a single line across the proximal and distal halves were recorded and used to calculate the mean intensity across them. Then, the ratio of the proximal mean intensity was divided by the distal mean intensity and the ratio for each dendrite was recorded. In Figure S7D where the proximal to distal ratio of BicD2-driven peroxisome accumulations were measured, only cells which had peroxisomes in their dendrites were considered; cells with axonal or cell body accumulation were not included for this analysis.
Other Fluorescence Intensity Quantifications
To measure the mean axonal, dendritic and cell body intensities ( Figures 5E-5G , 5I, and S6I), the respective cell areas were outlined using the threshold function and wand and free hand tracing tools in Fiji and the mCherry cell volume marker as a guide. The selections were stored as ROIs and their mean intensities were recorded. Intensities of SEPT9 and SEPT7 in Figure S1were measured in Slidebook. Neurons expressing mCherry-scramble or SEPT9 or SEPT7 shRNAs were outlined using the segmented mask tool in Slidebook. Mask statistics were used to measure the sum intensity of the septin channel and area of cells. The sum intensity was divided by the area of each cell to generate mean intensities. Localization of truncated motors and peroxisomes to axonal and dendritic processes were assessed visually, as was done previously (Huang and Banker, 2012) . Each cell was scored based on the loci of motor accumulations as: in axon only, in axons and dendrites, in cell body, in proximal or distal dendrites and in dendritic tips. Presynaptic Bassoon, SV2 and synapsin or post synaptic PSD95 punta ( Figures 3D and 5J , respectively) were counted manually in cells expressing scramble or SEPT9 shRNAs, and the number of puncta was divided by the length of the neuronal process. Axonal initial segments (neurofascin live-staining and AnkG staining) were outlined using Fiji's polygon selection tool and their perimeter, area and mean intensity was measured. Line scan graphs ( Figures 2E-2G) were generated using the line intensity function in Slidebook 6.0 software. Kinesin 1/KIF5C and Kineisn3/KIF1A Motor Structures Ribbon cartoon structures in Figure 7A were generated by inserting the structures for the mouse KIF1A (PDB ID: 1I5S) and KIF5C (PDB ID: 3X2T) motors into the 3D structure visualization software PyMOL. The structures were rotated identically to highlight the Loop 12 and superimposed for comparison.
Statistical Analysis
Statistical analysis of data was done using GraphPad Prism 6.0 software. Each data set was tested for normal distribution of variance using the D'Agostino and Pearson normality test. p values were derived using a student's t-test for normally distributed data and the Mann Whitney U test for non-normally distributed data. P values lower than 0.05 were considered statistically significant. Data graphs were plotted in GraphPad Prism using the scatter dot plot function showing the mean and standard deviation (SD) of the mean or the bar graph plot function showing the standard error of the mean (SEM) . N values and p values for each experiment are denoted in the corresponding figure and/or figure legend.
